Drought stress especially at the reproductive stage is a major limiting factor that 22 compromises the productivity and profitability of canola in many regions of the world. 23 Improved genetics for drought tolerance would enable the identification and 24 development of resilient varieties, resulting in increased canola production. The main 25 objective of this study was to dissect the genetic basis of seed yield under water-limited 26 conditions in canola. A doubled haploid population derived from a cross between two 27 Australian parental lines, RP04 and Ag-Outback, was evaluated to identify the genetic 28 variation in fractional normalised deviation vegetative index (NDVI), above ground shoot 29 biomass accumulation, flowering time, and plasticity in seed yield under irrigated and 30 rainfed field conditions in two consecutive years. An irrigation treatment was applied at 31 the 50% flowering stage and an incremental drought tolerance index (DTI) was 32 estimated for seed yield. By utilising a genetic linkage map based on 18,851 genome-33 wide DArTseq markers, we identified 25 genomic regions significantly associated with 34 different traits (LOD ≥ 3), accounting for 5.5 to 22.3% of the genotypic variance. Three 35 significant genomic regions on chromosome A06, A10 and C04 were associated with 36 DTI for seed yield. Some of the QTL were localised in the close proximity of candidates 37 genes involved in traits contributing to drought escape and drought avoidance 38 mechanisms, including FLOWERING LOCUS T (FT) and FLOWERING LOCUS C 39 (FLC). Trait-marker associations identified herein can be validated across diverse 40 environments, and the sequence based markers may be used in a marker assisted 41 selection breeding strategy to enhance drought tolerance in canola breeding 42 germplasm. 43 44 45 46 47 48 Key words: Brassica napus, QTL mapping, early vigour, NDVI, Biomass, response to 49 drought 50 51 Oilseed rape (Brassica napus L) is one of the major crops grown for vegetable oil 52 production and is grown on 57 million hectares worldwide. Climate change 53 accompanied by the prevalence of elevated temperatures and variation in weather 54 patterns poses a great challenge to canola production and profitability. It is estimated 55 that 30% more oil crop production is required by 2050 to meet growing demands for 56 vegetable oil, biodiesel and stock feed markets [1]. This projected increase in 57 productivity has to come largely from improved genetics, advanced genetic selection 58 technologies and improved agronomic practices on farm. In Australia, canola is grown 59 over ~2.5 million ha, however the area sown depends upon seasonal rainfall and global 60 price index (www.australianoilseeds.com/). It is sown in autumn (March-May) and 61 harvested in early summer months (November-Dec). During the 7 month crop season, 62 provision of an adequate water supply (either by rainfall or irrigation) is critical for canola 63 growth, especially at the flowering and pod filling stages. Drought stress at these stages 64 (mid and terminal drought) not only adversely affects seed productivity, but also reduces 65 the oil content and alters fatty acid composition [2-4]. Development of canola varieties 66 having more plasticity to cope with water shortages would be useful for improving yield 67 in drought-prone environments. 68 Natural genetic variation for drought tolerance exists in several native grass species, 69 and some agricultural crops [5]. These plant species cope with drought stress via 70 various mechanisms such as 'escape' -accelerating reproduction processes such as 71 early flowering and seed set [6] and or via 'tolerance' mechanisms involving water use 72 efficiency [7-10]. Early establishment (vigour) in canola ensures sufficient plant biomass 73 is available to produce reproductive structures such as flowers and pods. It is 74 particularly important if higher yields are to be achieved in drought stress conditions. 75 Highly vigorous plants are likely to provide better ground-cover leading to greater stored 76 soil moisture, which is reported to increase water-use efficiency [11] as well as weed 77 control [12]. Early plant vigour has been measured using biomass cuts, leaf area index 78 and digital imaging [13-15]. It has also been shown that normalised difference 79 vegetation index (NDVI) can be used as a surrogate for biomass accumulation, 80 fractional ground cover and plant vigour in canola [16-18]. 81 4 Canola breeding programs have been developing varieties with a range of traits such as 82 early vigour, flowering time and resistance to diseases. While the genetic basis of 83 flowering time and resistance to various diseases is reasonably well understood in 84 canola; limited knowledge is available on the component traits that contribute to 85
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markers with a P-value <0.05 from a Wald test of the fixed marker effect from the 210 genome scan step are retained as candidate markers. Co-linear (co-segregating) 211 markers and/or markers in close proximity (<20cM) are discarded. Remaining candidate 212 markers are fitted as fixed effects (whilst all other markers are fitted as random effects) 213 and backward selection is performed to identify statistically significant markers heritability (h 2 ) of different traits was used to quantify the percentage of total phenotypic 243 variation explained by the genotypic component (Table 1 ). Moderate to high h 2 values 244 were observed for flowering time (h 2 = 93.7 to 97%) in both environments, whereas 245 shoot biomass, measured at early vegetative stage, had the lowest h 2 (29.6 to 36.7%; Table 1 ), indicating that shoot biomass measurements were not as reliable. High We are also interested in the relationship between different traits both across and within 251 years and describe these using pair-wise correlations (Figure 3 , Supplementary Table   252 1). As expected, there were high genetic correlations between NDVI measurements and Table 1 ). Within both years, high genetic correlations between 255 NDVI measurements taken periodically (r = 0.9 to 1 in 2014, and r = 0.85 to 1 in 2015, 256 Supplementary Table 1 ) were observed, suggesting that NDVI measured after 30 days 257 of plant emergence (6 wk after sowing) provides a good estimate for predicting early 258 vigour in canola. We also observed high genetic correlations for first (25%) and last 259 flowering (100%) (r = 0.92 to 1.00 in 2014 and r = 0.96 to 1.00 in 2015, Supplementary 260 Table 1 ). Trait correlation varied across both years ( Figure 3 ); there was high correlation 261 for NDVI (0.75), followed by seed yield (r = 0.73); moderate correlation for shoot Table 1 ).
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Identification of DH lines with significant additive allelic effect 270
To determine genetic variation for response to drought stress among DH lines, we QTL for yield measured using drought tolerance index 279 By using the DTI approach, 9 QTL (3 significant and 6 suggestive QTL) were identified 280 for seed yield on chromosomes A03, A06, A09, A10, C03, C04, C08 and C09 ( 289 NDVI measurements were taken at periodically (7-14 days interval), starting from ~6 290 weeks after sowing. All measurement taken during the course of experiments showed 291 high correlation (r = 0.67 to 0.98) among genotypes suggesting that variation detected 292 for NDVI is genetically determined (Supplemental Table 2 ). To identify and verify 293 dynamic QTL for different NDVI measurements, we used all phenotypic scores taken 294 before the onset of flowering. A total of 15 QTL (6 significant QTL with LOD ≥ 3 and 295 nine suggestive QTLs with LOD score of <3) were detected on chromosomes A01, A02, 296 A06, A07, A08, C02, C03 and C07 (Table 3) . Three stable QTL on chromosomes A02, 297 C02 and C03 were repeatedly detected in both environments. Of these, the QTL on Supplementary Table 1 . 
